BACKGROUND: Emergency physicians and anesthesiologists need accurate estimates of stroke volume when massive unexpected hemorrhage occurs.
stroke volume (SV) is the key variable to target during resuscitation. Indeed, SV is an early indicator of blood loss; 1 it possesses a prognostic value, 2 and its optimization reduces hospital length of stay and morbidity. 3 Unfortunately, in many situations, the bleeding patient is not currently equipped with sophisticated hemodynamic monitoring. When invasive SV monitoring is not available, the physician has to rely on surrogate markers of SV such as end-tidal CO 2 (ETCO 2 ), systolic (SAP), mean or diastolic (DAP) arterial blood pressures.
Pressure-derived estimates of SV such as pulse pressure (PP = SAP j DAP) have demonstrated their sensitivity in detecting hypovolemia in conscious volunteers. 4 However, its precision to track norepinephrine-induced changes in SV has been challenged. 5 It has been demonstrated that pressurederived estimates of fluid responsiveness such as respiratory variations in arterial pulse pressure (PPV) track blood volume loss during acute hemorrhage in swine. 1, 6 Nevertheless, concerns have been raised as to the ability of PPV to predict fluid responsiveness in hemorrhaged animals when norepinephrine is administered. 7, 8 In an attempt to maintain cardiac output (CO), the acute reduction in SV associated with hypovolemia is physiologically countered by reflex increases in heart rate (HR). 9 This provides the pathophysiologic basis for using the shock index, 10 namely the ratio between HR and systolic blood pressure. The pulse rate over pressure evaluation (ROPE) index was recently demonstrated as a method to predict early hemorrhagic compensation in healthy patients donating blood with a proportionally greater mean increase compared with the shock index. 11 The aim of our study was to document relationship between the PP/HR ratio (PP/HR) and SV during hemorrhage and resuscitation, mimicking clinical scenario. Using an animal model of hemorrhagic shock under controlled anesthesia, our goals were as follows:
To determine the value of PP/HR as a marker of SV decrease during hemorrhage, compared with other available hemodynamic variables To assess the value of PP/HR as an estimate of SV changes during hemorrhage resuscitation consisting in volume expansion, vasopressor infusion, or both.
MATERIALS AND METHODS
The institutional review board for the care of animal subjects approved the study and care, and handling was in accord with the French Institute of Health guidelines for ethical animal research (authorization number 67Y147). Twentyone immature Large White swine of either sex (5 (1) months) were fasted overnight, with free access to water.
The experimental protocol is presented in Figure 1 . In premedicated animals (azaperone, 2 mg/kg), inhaled anesthesia was induced with isoflurane in pure oxygen. When end-tidal isoflurane concentration reached one minimum alveolar concentration, a 22-gauge catheter was inserted into an ear vein. Depth of anesthesia was checked by paw pinch. Endotracheal intubation was facilitated with intravenously administered pancuronium (0.1 mg/kg) that was perfused continuously (0.1 mg/kg/h) to maintain zero response at the train-of-four. Mechanical ventilation was controlled with an Aespire 7900 Anesthesia Workstation (GE Healthcare, France) in pure oxygen. Tidal volume was set at 10 mL/kg to 12 mL/kg, and minute ventilation was adjusted to keep ETCO 2 between 35 mm Hg and 45 mm Hg. Throughout the instrumentation and stabilization procedures, saline (7 mL/kg/h) was intravenously infused and stopped at the beginning of hemorrhage. After forehead shaving, Bispectral Index (BIS) Quatro Sensor electrodes (Covidien, Dublin, Ireland) were firmly secured to the skin. Isoflurane was turned off, and closed-loop total intravenous anesthesia combining propofol (DIPRIVAN, AstraZeneca, Rueil-Malmaison, France) and remifentanil (ULTIVA, GlaxoSmithKline, Marly-Le Roi, France) was then administered using a computer-based Proportional-Integral-Derivative algorithm 12 steered to maintain a 40 to 60 BIS value target throughout the protocol (see Text, Supplemental Digital Content 1, http://links.lww.com/TA/A249, and Video, Supplemental Digital Content 2, http://links.lww.com/TA/A250, which shows an example of pressure-controlled hemorrhagic shock and resuscitation in BIS-controlled intravenously anesthetized swine, for the detailed description).
Indwelling catheters were inserted into the proximal femoral arteries (4 Fr width, 10 cm length, Leader-Cath, Vygon, Ecouen, France). A balloon-tipped pulmonary artery catheter was inserted into the right internal jugular vein (Swan-Ganz CCOmbo CCO/SvO 2 , Edwards Lifesciences, Maurepas, France) to measure continuous thermodilution CO (CCO) and mixed venous oxygen saturation (SvO 2 ). Esophageal temperature was kept constant between 37-C and 38-C by means of a forced air warming blanket.
After a 30-minute instrumentation period and a 30-minute stabilization period, pressure-controlled hemorrhagic shock was induced through rapid venous blood withdrawal to reach a 30 mm Hg of MAP target during 30 minutes (hemorrhage phase on Fig. 1 ). Additional small blood volume withdrawal was allowed to maintain the 30 mm Hg of MAP target for the next 30 minutes (target MAP, 30 mm Hg). Blood was collected in anticoagulated bags (Macopharma, Mouvaux, France) that were weighed to assess shed-blood volume. Animals were then randomized according to a computer-generated table to one of the following four groups:
1. Control group, bled animals received no other treatment until T120, when shed blood was retransfused up to T180. 2. HES group, animals were fluid resuscitated with 6% hydroxyethyl starch (Voluven, Fresenius Kabi, France) titrated to reach a 70 mm Hg of MAP between T60 and T120, at which time shed blood was retransfused up to T180. 3. NE group, continuous intravenous norepinephrine was introduced at T60 (0.05 Hg/kg/min increments every 5 minutes) and maintained to achieve the same goal (70 mm Hg of MAP) before T120, at which time shed blood was retransfused up to T180. 4. HES + NE group, bled animals were first fluid resuscitated with a 15-mL/kg infusion of hydroxyethyl starch (from T60 to T90) followed by intravenous norepinephrine infusion (from T90 to T120) titrated to a 70 mm Hg of MAP before T120, at which time shed blood was retransfused up to T180.
At the end of the study, animals were euthanized by massive propofol overdose and a hypertonic potassium solution.
The following hemodynamic variables were continuously measured (Datex OhmedaS/5 monitor, Finland), sampled every 5 seconds on a Microsoft Excel sheet (see the early hemorrhage period were analyzed at 2.5-minute intervals (to take the time response of CCO measurements into account 13 ), providing 13 CO and SV values for the 30-minute hemorrhage. Experimental time markers (T30, T60I) were indicated online on the recording Microsoft Excel sheet. The total arterial compliance (C) was estimated by using the SV/PP ratio.
14 The PPV as defined by Michard et al. 15 was intermittently recorded at T0, T30, T60, T90, T120, and T180 on frozen monitor screen as described by Gouvea and Gouvea 16 over one single breath. It is assumed that the tip of the catheter was located at the aortic level and thus that the pulse wave amplification phenomenon was small enough to be negligible. 17 
Statistical Analysis
The distribution of data sets was checked for normality using the Shapiro-Wilk test. In the case of non-Gaussian distribution, data were expressed as the median [interquartile range] and analyzed with Mann-Whitney U-test, Spearman correlation Q, Wilcoxon matched pairs test and Friedman test followed by the Wilcoxon test with the Bonferroni correction. Normally distributed data were expressed as mean (SD) and analyzed using paired Student' t test and repeated-measures analysis of variance. Univariate regression analysis was performed using the least squares method with the Poon correction when pooled data sets were used. 18 Comparison between correlation coefficients was performed using analysis of covariance. We compared the ability of PP/HR and MAP to detect a 15% decrease in SV during hemorrhage by constructing receiver operating characteristic (ROC) curves. Indeed, reproducibility data with commercially available devices indicate that a minimal difference of 15% between determinations of consecutive COs is required to suggest clinical significance. 19 A p value of G0.05 was considered statistically significant. Data were analyzed using StatEl, adScience, (Paris, France; www.adscience.eu) and Prism4, GraphPad (San Diego, CA).
RESULTS

Animals Included
Twenty-one animals were entered into the study, and 16 animals weighing 28 (4) kg (76%, 4 swine per group) completed the entire protocol. The reasons for withdrawal were the following: impossibility to reach the MAP target within 30 minutes (n = 1, NE); death between T30 and T60 (n = 1, control); profound hypothermia that prevented CO measurement (n = 1, HES); technical failure of the pressure recording system (n = 1, HES + NE); and early circulatory failure at the onset of blood withdrawal (n = 1, control).
At T60, blood withdrawal was 995 (301) mL, which corresponded to 38 (8) mL/kg and 55% (11%) of total estimated blood volume (70 mL/kg). For the whole population, it took 22 (12) 
Characteristics of the Closed-Loop Anesthesia
Propofol and remifentanil infusion rates for the entire protocol were 172 (46) Hg/kg per minute and 0.78 (0.25) Hg/kg per minute, respectively. Total intravenously administered anesthesia (propofol + remifentanil) accounted for a total volume of 248 (99) mL, representing 9.0 (3.6) mL/kg, 12.9% (5.2%) of actual blood volume, and 23.5% (9.4%) of actual blood loss during the whole protocol duration from instrumentation to end retransfusion. However, if we only consider the resuscitation phase (from T60 to T120), fluid volume associated with intravenously administered anesthesia represented 71 mL on average (2.6 mL/kg, 3.7% total blood volume, and 6.7% blood loss) and did not substantially contribute to effective resuscitation by itself. BIS value was maintained within the 40-to-60 range for 52% (23%) of the overall duration of the procedures and did not differ significantly between groups (Tables, Supplemental Digital Content 6, http://links.lww.com/TA/A253, and Supplemental Digital Content 7, http://links.lww.com/TA/A254). (14) mm Hg, p = 0.81), and DAP (from 53 (8) mm Hg to 53 (11) mm Hg, p = 0.85). There was a marked decrease in MAP, SAP, and DAP at T30 when compared with T0 values. A 58% decrease in SV and a 28% increase in HR resulted in a 49% decrease in CO. As compared with T0, relative decreases in MAP, SAP, and DAP were less than 2.5 at both T30 and T60. As compared with T0, there was a 5-fold increase in PPV, a 3-fold decrease in PP/HR, and a 2.3-fold decrease in PP at T30. As compared with T30, there was a continuous slight increase in PPV, while PP and PP/HR remained unchanged at T60. As compared with T0, there was a 7.1-fold increase in PPV, a 2.6-fold decrease in PP, and a 3.8-fold decrease in PP/HR at T60. The estimated total arterial compliance and total peripheral resistance did not change significantly over time (Table 1) .
Relationship Between SV, CO, and Pressure-Derived Variables
When SV data points at T0, T30, and T60 were pooled together and plotted against the various hemodynamic variables under study, the PP/HR ratio exhibited the strongest relationship to SV (r 2 = 0.72) ( Table 2 ). In all 16 animals with values obtained every 2.5 minutes (208 paired values), the data set of early hemorrhage (T0YT30) were pooled together. The study of linear regression of PP/HR to SV with Poon correction revealed a high correlation coefficient of r 2 = 0.89 (Fig. 2) . Similar analysis could not be performed with PPV because the latter was intermittently measured at only 6 predefined time points.
In the control group, which experienced the more severe shock (sustained hypotension and lower SV), the PP/HR ratio was significantly more correlated to SV (r 2 
Accuracy of PP/HR and MAP to Track Rapid SV Changes During Hemorrhage
We compared the ability of PP/HR and MAP to detect a 15% decrease in SV during hemorrhage. The area under the ROC curve was larger for PP/HR (area under the curve, 0.95 [0.94Y0.97]; sensitivity, 83%; specificity, 94%) than for MAP (area under the curve, 0.91 [0.89Y0.93]; sensitivity, 77%; specificity, 91%; p G 0.013) (Fig. 3) . ROC curve analysis for the 5% and the 10% thresholds are provided in Supplemental Digital Content 8 (see Table, Supplemental Digital Content 8, http://links.lww.com/TA/A255). When the best cutoffs were used to detect a 15% decrease in SV, the PP/HR provided a warning signal 2.5 minutes to 5 minutes earlier than MAP.
Accuracy of PP/HR and MAP to Track SV Changes During Resuscitation of Hemorrhage
Correlations between SV and either PP/HR or MAP were studied according to the four resuscitation strategies (Table 3 ). In the HES and NE groups, correlation coefficients were significantly higher between SV and PP/HR than between SV and MAP.
DISCUSSION
The main result of our study is that the PP/HR ratio was strongly related to SV during severe hemorrhage and different resuscitation strategies (fluid expansion, norepinephrine infusion, or both) in anesthetized swine.
Hemodynamic Correlates of PP During Hemorrhage and Resuscitation
In our study, hemorrhage was associated with marked decreases in PP, and this is consistent with a study by Dark et al. 20 in immature swine. Pulse pressure arises mainly from Data at T0, T30, and T60 were pooled together (each n = 48), and the value of coefficient r 2 is indicated. Positive linear relationships were observed except where indicated (negative relationship (j)).
Stroke index = SV per kg body weight. Each p G 0.01. the combined influences of SV and total arterial compliance. 14, 21 Consistently, our study showed a strong relationship between SV and PP, with SV accounting for 63% of PP variability.
The present study took advantage of the expected increases in HR at the initial stages of the hemorrhage 9 and during norepinephrine infusion in hypovolemic animals. 22 Experimental 23 and clinical 24 observations also indicate that increases in HR can independently account for a reduction in central PP owing to a direct reduction in wave reflection. As a result, the tachycardia tied with reduced SV simultaneously decreased the numerator and increased the denominator of the PP/HR ratio, providing a magnifying effect. In the first part of the study, the PP/HR ratio was recorded in a semicontinuous fashion (every 2.5 minutes) during active bleeding and proved to be tightly correlated with SV within this time frame (r 2 = 0.89 with Poon correction, Fig. 2) . As a result, we believe that this ratio would be of great value if measured during active bleeding in the trauma patient. Moreover, the PP/HR ratio performed better in the most severe and underresuscitated group (control), suggesting that its correlation to SV could be best in the most severe cases.
SV, PP, PP/HR, and PPV During Hemorrhage
In 14 healthy awake volunteers exposed to lower-body negative-pressure, Convertino et al. 4 reported that PP decreased linearly with the magnitude of central hypovolemia and that PP positively correlated with SV, with r 2 = 0.91. Several authors have reported a correlation between PPV and either SV 6 or shed blood volume, 25 and this was confirmed in our study. However, in our study, SV was more closely related to PP/HR (r 2 = 0.72) than to PP (r 2 = 0.63) and to PPV (r 2 = 0.58). First, PPV is expected to parallel the amount of the preload in reserve, not the snapshot value of SV. 15 Second, in previous studies, 1, 6, 25 PPV was measured under steady-state conditions following several hemorrhagic steps, whereas we used a continuous hemorrhage protocol.
SV, MAP, and PP/HR During Resuscitation
In our study, MAP was an acceptable estimate of SV during hemorrhage, and this confirms the study by Dalibon et al., 26 but MAP was much less accurate than PP/HR during fluid and norepinephrine resuscitation. Norepinephrine may have both recruited blood from unstressed blood volume (increasing venous return and SV) and increased arteriolar resistance (increasing MAP without change in SV). 27 One hypothesis could be that norepinephrine was started in deeply hypovolemic animals in which the splanchnic reservoir was fully depleted. As a result, the expected increase in venous return could hardly take place, and the prevalent effect was an increase in arteriolar resistance without any significant increase in SV.
Technical Aspects and Relevance of Our Model
The hemorrhage protocol was designed to provide the same hemodynamic compromise in all animals. This was achieved by using the isobaric hemorrhage model described by Wiggers and Ingraham 28 and a closed-loop bispectral indexcontrolled anesthesia regimen that both provided greater reproducibility between animals as compared with uncontrolled models. 29 The 70 mm Hg of target MAP for resuscitation was chosen because it was recently proposed to be the optimal MAP for postbleeding resuscitation. 30 In our model, as in others, 6, 8, 20 the sympathoexcitatory response to hemorrhage was attenuated, with moderate tachycardia and no increase in peripheral resistances despite a large reduction in circulating blood volume. This suggests that our anesthesia regimen profoundly depressed sympathetic and baroreflex activity. This also implies that the PP/HR ratio would rather outperform MAP as an indicator of blood loss during hemorrhage in the nonanesthetized animal since MAP is longer maintained during hemorrhage in the conscious state. In our view, a single PP/HR value would not be more useful than a unique SV value during resuscitation, providing a single snapshot of the hemodynamic situation that is not meaningful enough to drive resuscitation. The trending values of the PP/HR ratio would provide more useful information to the caring physician, indicating the imminence of cardiovascular collapse and the clinical response to hemodynamic interventions.
One strength of our study was the BIS-controlled, intravenously administered anesthesia protocol. As it continuously titrated drugs infusion against BIS, the dual loop controller has offset drug overdosing and limited the interindividual variability. Our protocol also mimicked the clinical situation in which the physician reduces the rate of drug infusion while maintaining anesthesia in patients with severe hemorrhage. BIS is considered a reasonable tool to monitor hypnosis in large animals 32Y34 where it reflects the anesthetic depth and is not modified by hypotension 34 until a state of lethal hypotension (G20 mm Hg) is unable to sustain brain electrical activity. 35 Finally, the closed-loop anesthesia protocol performed as well and allowed similar depth of anesthesia for the four groups despite the use of specific pharmacokinetic model for propofol. 34 
Limitations
The beat-to-beat SV was not measured in our experiments, where SV was calculated as the ratio of CCO divided by HR. When compared with aortic transit-time flow probe, CCO measurements are of reasonably good accuracy and precision in pigs, even in severe hypovolemia conditions. 36 New devices relying on pulse contour CO analysis allow beatto-beat SV monitoring, but in a severe hemorrhagic shock model, such devices are inaccurate, unless frequently recalibrated by pulmonary thermodilution. 37 When comparing pulse contour CO analysis with CCO in hemorrhaged pigs treated with norepinephrine, Bein et al. 38 established that, unlike pulse contour CO, CCO demonstrated good agreement with bolus thermodilution CO.
The clinical implications of our results must be carefully extrapolated for the following reasons. First, subgroup patient populations presenting with cardiac dysautonomia (e.g., diabetic patients) or receiving chronic treatment with A-adrenergic blocking agents are expected to exhibit only mild changes in HR during hemorrhage; hence, further studies are needed to test our PP/HR index under such clinical conditions. Second, our results should be tested in humans when arterial pressure is measured with a peripheral radial artery or a brachial cuff. Indeed, PP measurements in the low value range may not be sufficiently accurate. 39 Consequently, the PP/HR ratio should not be used in place of established SV monitoring devices in elective situations but could be of real value in emergency circumstances (prehospital setting, trauma bay) when such devices are not readily available. Third, our hemorrhage protocol was coupled with minor tissue injury and does not encompass the full spectrum of hemodynamic changes associated with trauma hemorrhagic shock. Last, our model was associated with only a moderate increase in arterial lactate and the absence of a preshock and postshock difference in arterial base excess and bicarbonate levels, probably owing to the short duration of shock. In a previous study by our group, Collange et al. 40 found that blood lactate increased to more than 4 mmol/L but only when low MAP (40 mm Hg) was maintained for 3 hours. Yet, we believe that the PP/HR ratio would be even more sensitive in a more severe hemorrhage model because the intensity of the decrease would be larger.
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